The existence of Majorana neutrinos must lead to lepton-number violating processes, and the Majorana nature of neutrinos can only be experimentally verified via lepton-number violating processes. We propose a new approach to search for Majorana neutrinos at future electron-positron colliders by exploiting this feature. We investigate the ∆L = 2 like-sign dilepton production and find that lepton colliders with different center-of-mass (c.m.) energies have comparative advantages in resonant production of a Majorana neutrino in either light neutrino mass range or heavy mass range. At the future Circular Electron-Positron Collider (CEPC), with 250 GeV c.m. energy and 5 ab −1 integrated luminosity, we find that there could be more significant sensitivity for resonant production of a Majorana neutrino in the mass range of 5-80 GeV than previous results at LEP2 or LHC. At the 1 TeV ILC with 1 ab −1 integrated luminosity, it has better sensitivity than the similar process at LHC while the neutrino mass is larger than 250 GeV.
I. INTRODUCTION
A multitude of neutrino oscillations evidences [1, 2] from experiments with solar, atmospheric, reactor and accelerator neutrinos have shown that neutrinos have small non-zero masses, while the origin of their masses is still a mystery. Standard model (SM) itself, which merely incorporates left-handed neutrinos ν L in SU (2) L gauge group doublets, is unable to generate neutrino mass without giving up gauge symmetry and renormalizability, so additional particles must be added to extend SM. The simplest scheme is to introduce n right-handed SM singlet neutrino fields N R . They can couple to three flavour neutrinos through Yukawa coupling which will be Dirac mass terms m D (ν L N R + h.c.) after gauge symmetry breaking. More interestingly, these gauge singlet neutrino fields are also allowed to couple to their own charge conjugate fields to form Majorana mass terms M (N c L N R + h.c.). This is known as the type-I seesaw mechanism [3] [4] [5] [6] [7] , which has strong theoretical motivation and can be incorporated into plenty of scenarios, such as Left-Right symmetric gauge theories [8] ; SO(10) Supersymmetric (SUSY) grand unification [9] and other grand unified theories [10] ; models with exotic Higgs representations [11, 12] ; R-parity violating interactions in Supersymmetry (SUSY) [13] and theories with extra dimensions [14] . Introduction of Majorana masses which are absent in SM and disobey the global U(1) symmetry, will result in lepton number no longer being conserved. Such unique phenomenon if observed, would in turn provide the most unambiguous evidence for existence of a Majorana neutrino. All those neutrino flavor oscillation phenomena imply mixture between the flavor and mass eigenstates of neutrinos. Therefore, via neutral current (NC) and charged current (CC), the direct collider search may produce lepton-number violating processes involving charged leptons helping to establish the nature of neutrino masses.
The prospects of detecting signals of heavy Majorana neutrinos on hadron colliders have been thoroughly explored [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Both ATLAS and CMS experiments at the LHC have set limits on the mixing parameters for heavy Majorana neutrino masses between 100 and 500 GeV [28] [29] [30] . The 'smoking gun' signal at hadron colliders is the Majorana neutino production via Drell-Yan (DY) process: pp → W * → N ℓ ± → ℓ ± ℓ ± jj. For the Majorana neutrinos which are lighter than W bosons, the signal production rate is very large because they can come from on-shell W bosons decay, while the jets in signals always have small transverse momentum in this case. There are complex backgrounds must to be considered when detector effects are included. In order to discriminate against hadronic backgrounds at the LHC, more stringent acceptance cuts are applied which severely hurt the sensitivity of hadron coliders in the low mass region. Without such hadronic backgrounds, lepton colliders have significant advantages on the Majorana neutrino detection in the low mass region. Considering different ongoing projects of the next generation lepton colliders [31, 32] , it is also worth examining the potential for the Majorana neutrino detection of lepton colliders which provide a much cleaner environment.
II. HEAVY MAJORANA NEUTRINO AND MIXING PARAMETERS
In this work, we only consider the simplest and quite natural extension with n right-handed SM singlet neutrino N aR (a = 1, 2, ..., n). After gauge symmetry breaking, there are Dirac mass terms coming from Yukawa interactions. Together with Majorana mass terms, they consist of the full neutrino mass terms which can be written as [23] 
where ν aL (a = 1, 2, 3) are three generations of flavor neutrinos defined dynamically with respect to charged leptons. After diagonalization, they transform into
with the following mixing relations between flavor and mass eigenstates
In terms of the mass eigenstates, the CC and NC interactions Lagrangian appears as
where P L is the left-handed chirality projection operator. As we can see, U ℓm is the non-unitary version of the PMNS mixing matrix in our example, while V ℓm determines the weight of the heavy Majorana neutrinos in leptonic CC and NC interactions. The latter will be the dominant contribution to the lepton-number violation processes at colliders, since the masses of light neutrinos, namely ν m (m = 1, 2, 3) are at most O(eV) [23] . Moreover, the existence of V ℓm is also relevant to many other intriguing topics, such as nonunitarity of the light neutrino mixing matrix as well as lepton flavor violation (LFV) [33] [34] [35] [36] [37] [38] [39] [40] [41] , lepton nonuniversality and electroweak precision tests [42] [43] [44] [45] [46] [47] . Therefore we can derive constraints on the heavy neutrino mass and the mixing elements V ℓm from experimental observations. In subsequent discussion, we will take a model-independent phenomenological approach, having the masses and mixing elements of the heavy neutrino as free parameters. So far, neutrinoless double-β decay (0νββ) experiments have set the most stringent bound on mixing with electrons [48, 49] :
This makes it difficult for colliders to produce events involving electrons. So instead, we turn to focus on muon relevant signals and seek to improve the detecting sensitivity on V µN . The most stringent constraint on mixing with muon from LEP2 experiments requires |V µN | 2 10 −4 − 10 −5 for 5 GeV < m N < 80 GeV [50] [51] [52] . For neutrinos heavier than Z bosons, there are also plenty of researches based on electron colliders [53] [54] [55] [56] [57] [58] [59] [60] [61] . However, due to the limitation of the center-of-mass (c.m.) energy of previous LEP2 experiments, the most stringent constraint for heavy Majorana neutrino masses between 100 and 500 GeV is from the LHC experiments based on the production via the DY process [28] [29] [30] . As for even higher scales, another production mechanism will come into play, which is the vector boson fusion (VBF) channel W γ → N ℓ ± , benefiting from its collinear logarithmic t−channel enhancement [62, 63] . It dominates the DY mechanism for m N ∼ 1 TeV (770 GeV) at the 14 TeV LHC (100 TeV VLHC) [63] . A comprehensive discussion regarding the upper bounds on the mixing angles from all kinds of experimental (and prospective) studies can be found in [64] [65] [66] [67] [68] . The 'smoking gun' signal for heavy Majorana neutrinos at hadron colliders is the like-sign dilepton final state with two jets and no missing transverse energy: pp → W * → N ℓ ± → ℓ ± ℓ ± jj [20, 23] . Similarly, for electron-positron colliders, a similar approach has been proposed to produce lepton-number violation process, which is [69] 
with same-sign dilepton plus four jets and no missing energy. For the reason mentioned above, we do not hold out much hope that electrons could play a significant role in this process. Hence we limit the dilepton signature in final states to be same-sign di-muon µ ± µ ± , and ignore mixing with electron V eN as well, giving the most conservative setting to derive bound for the value V µN . Representative Feynman diagrams with di-muon in final states are displayed in Fig. 1 . Channels involving eN W vertex have been omitted. In those diagrams, a Majorana neutrino can be produced on shell while kinematically accessible, and decays to a muon plus two jets soon afterwards. Due to the resonance enhancement effect, the total production rate is basically proportional to |V µN | 2 .
The decay modes of heavy Majorana neutrino have been well studied to get an estimation of its decay width for a wide mass range [23, 70] . For the range of our interest, the decay width is small enough so that the narrow-width approximation (NWA) is applicable. Thus the total cross section of our signal process can be approximately broken down as [23] σ(
Here we follow the example in [23] , and define S µµ as "effective mixing parameter" of N with a muon:
The rest part σ 0 is a function of Majorana neutrino mass m N , and almost independent of the mixing parameters when the heavy neutrino decay width is narrow. This approximation enables us to get a direct understanding of the effect of the mixing parameters. We calculate the cross sections of signal process at the CEPC and the ILC energies. In light of the possibility for a later upgrade of the ILC to (1 TeV), both 500 GeV and 1 TeV c.m. energies are considered. The total cross sections for different heavy neutrino masses are shown in Fig. 2 , assuming a benchmark value for S µµ = 10 −4 . This is the typical value of the bounds previously simulated at hadron colliders [23] . For m N < M W , the cross sections almost stay the same. While the mass approaches the c.m. energy limit, the cross sections drop sharply. The bumps at about 80 GeV correspond to the energy threshold of on-shell production of W bosons in the decay of Majorana neutrinos. As we can see, the CEPC has an advantage in lower Majorana neutrino mass range (about 5-100 GeV) and the 1 TeV ILC in larger mass range (about 200-900 GeV). We will mainly present our results at 1 TeV for the ILC. 
III. PHENOMENOLOGICAL ANALYSIS AT THE CEPC
Based on the above discussion, we study the Majorana neutrino production and lepton-number violating process at the future lepton colliders. The Circular Electron Positron Collider (CEPC) proposed by the Chinese high energy physics community is an ambitious project. Envisioned to operate at √ s ∼ 250 GeV, CEPC may be able to shed light on Majorana neutrinos with lower mass (m N < 100 GeV). Compared to linear colliders, it is easier for circular colliders to achieve a much higher integrated luminosity, which amounts to 5 ab −1 in the case of CEPC. In this section, we take performance of the CEPC as benchmark for our numerical analysis [32] . To reach a high particle identification efficiency, we apply following basic acceptance cuts on transverse momentum (p T ), pseudorapidity (η):
In order to simulate the effect of detector resolution, we also smear the four-momentum of the final state particles, following the performance specified in Ref. [32] . For muons in the final state, the silicon tracking system provides high track momentum resolution, which performs approximately as
The energy resolution of jets is determined by Hadron Calorimeter (HCAL) as
To get a detailed understanding of our signal process, we further analysis the kinematical features of the final states. We choose three different masses m 4 = 25, 50 GeV (below m W threshold) and 100 GeV (above m W threshold) for illustration. The key point is there are two wellisolated same-sign muons, with no missing energy. Therefore we calculate the radial distance (∆R = ∆η 2 + ∆φ 2 ) of different particle pairs in the final states: ∆R ℓℓ , ∆R ℓj and ∆R jj respectively.
After normalization, the distributions of the minimal isolation are shown separately in Fig. 3(a) , (b) and (c). Since all particles in the final state are visible in principle, by nature there is neither missing transverse momentum nor missing total energy in our signal process. However, misbalance in the energy-momentum measurement would still result from finite resolution of detectors, which is simulated by the smearing effect in Eqs. (7)- (8) . This would be regarded as missing transverse momentum or missing energy. As an advantage over hadron colliders, the c.m. energy at an e + e − collider is precisely measurable and adjustable. We exploit this feature by fully analyzing the missing transverse momentum, missing longitudinal momentum as well as missing total energy, and the distributions are plotted separately in Fig. 3(d) , (e) and (f). One interesting thing we would like to point out is the on-shell production of one Majorana neutrino N and at least one W ± boson in the signal process. Normally this could be useful for reconstructing them from invariant masses of final state particles, which are m(ℓjj) in N decay and m(jj) in W ± decay. However there are extra muon and jets from other sources which would interfere the reconstruction. Meanwhile, as we will see later, the missing momentum cuts already achieve great excellent discriminating ability. Therefore the invariant mass cuts are not considered here.
Since SM lagrangian conserves lepton number, there is no such process with ∆L = 2 in SM. It can only confuse the detectors' judgement by faking the like-sign dilepton signal when some particles are missing from detection. This comes from 4ℓ + 4j final states with two leptons lost in the beam pipe. By simulating all the processes with such final states in SM, we find most of them are at the level of 10 −7 fb. The most outstanding background left is the channel of diboson plus four jets: e − e + → W Z + 4j, with the two bosons decaying leptonically. We further analyze the kinematical information of this background channel and find the best discriminating cut comes from missing four-momentum. Here, we display the distributions of p / T , p / L and E / of the background channel e − e + → W + Z + 4j, Fig. 4 . Combining the distributions of signal events, it is easy to see that p / T and E / have the best discriminating ability, which could essentially eliminate this background.
Based on the analysis hereinabove, we impose the following cuts to guarantee qualified events:
p / T < 10 GeV, E / < 20 GeV.
After imposing the basic cuts in Eqs. (5)- (6) and these selection cuts in Eqs. (9)- (10), all these backgrounds are negligibly small. The signal cross sections for different heavy neutrino masses at the CEPC are shown in Fig. 5 , where we set S µµ = 10 −4 as a benchmark value. The reduction on production rate is mainly due to basic acceptance cuts, especially in low mass range. The cross section reaches its maximum when neutrino mass is about 25 GeV, and then drops with increasing m N . Although the cross section is only at the level of 10 −2 −10 −3 fb, the high integrated luminosity of the CEPC is able to make up for this shortage, brings about enough production events.
To get signal significance, we consider Poisson statistics for the low event rate. For instance, a 95% (2σ) bound on the signal for no background would need a signal event rate N S = L σ 0 S µµ ≥ 3, where L is the integrated luminosity. Our final results about the sensitivity on the mixing parameter S µµ are shown in Fig. 6 , together with existing LEP2 limits from Z decay [51] and the previous simulated LHC results in [23] . The simulation results at the LHC are based on a c.m. energy of 14 TeV and an integrated luminosity of 100 fb −1 . We see that there is significant improvement on detection sensitivity at the CEPC in the mass range of m N = 5 − 80 GeV. Compared to previous results, it improves measurement sensitivity on the mixing parameter S µµ by one or two orders of magnitude in this mass range. In the mass range of 30 − 50 GeV where has the best sensitivity, S µµ can be probed to about 3 × 10 −6 at a 2σ level and 7 × 10 −6 at a 5σ level. 
IV. PHENOMENOLOGICAL ANALYSIS AT THE ILC
Since an e + e − linear collider has the flexibility to operate at different energies and in different running conditions, experimental programs for the ILC are envisioned at series of energies well adapted to individual physics goals. The exact run plan that will be carried out at the ILC will depend on the situation at the time of the ILC operation, taking into account new discoveries and measurements from the LHC running. For definiteness in our numerical simulation, we adopt a canonical program with c.m. energy of 1 TeV and integrated luminosity 1000 fb −1 [31] . The proposed future lepton colliders in general have similar detector performance, therefore we apply the same basic acceptance cuts as that of CEPC on transverse momentum (p T ), pseudorapidity (η), as well as the same smearing effect, which are
Following the similar approaches, we analysis the kinematical features of the final state particles and present their distributions. Since the ILC is capable of producing much more massive Majorana neutrinos, this time we choose m N = 100, 200 GeV and 500 GeV as examples for illustration. After normalization, the distributions of the minimal isolation of different particle pairs in the final state: ∆R ℓℓ , ∆R min ℓj and ∆R min jj , are shown separately in Fig. 7 (a), (b) and (c). And Fig. 7(d) , (e) and (f) are respectively the distributions of the missing transverse momentum p / T , missing longitudinal momentum p / L and missing total energy E / incurred by finite resolution of the detectors.
At 1 TeV c.m. energy, a significant background comes from four on-shell W bosons production, with two like-sign ones decaying leptonically and the other two decaying hadronically
The same final state can be produced via the process
We also analysed other possibilities of four on-shell gauge bosons production, for example
Similarly, because of two missing leptons (neutrinos or charged muons), these channels can be effectively suppressed by appropriate cuts on missing energy. As an illustration, we plot the distributions of p / T , p / L and E / of the four W bosons channel in Fig. 8 . According to the above distribution analysis, beside the basic acceptance cuts, we impose the following additional cuts on radial distance and missing four-momentum to guarantee qualified events:
p / T < 20 GeV, E / < 40 GeV.
After implementing all these cuts in Eqs. (11)- (12) and Eqs. (18)- (19) , the SM background is essentially eliminated and no remaining events survive for the expected luminosity of 1000 fb
at the ILC. The signal cross sections for different heavy neutrino masses at the ILC are shown in Fig. 9 , where we set S µµ = 10 −4 as a benchmark value. The reduction on production rate is mainly due to basic acceptance cuts, and the cross section gradually drops with increasing m N . Again we adopt Poisson statistics to determine signal significance. Our final results about the sensitivity on the mixing parameter S µµ are shown in Fig. 10 , compared to previous results from the LEP experiments [51] and the LHC simulations in [23] . We see that compared to previous results, the ILC can improve measurement sensitivity on mixing parameter S µµ for more massive Majorana neutrinos. At a 5σ level, it improves sensitivity by about one order of magnitude for mass between 350 and 600 GeV. At a 2σ level, there is also a slight amount of improvement in the mass range of 400 − 600 GeV. It is worth mentioning that we only compared the similar tree-level production process at ILC and LHC. Since the W γ fusion channel mentioned above already makes significant contribution in this mass range at the 14 TeV LHC, if this channel as well as the next- to-next-to-leading order (NNLO) QCD corrections are considered, the advantages of the ILC will become weaker and may even vanish [62, 63] .
V. SUMMARY AND CONCLUSIONS
In this work, we study a production channel of Majorana neutrinos at lepton colliders which violate lepton number by two units (∆L = 2): e + e − → N µ ± W ∓ → µ ± µ ± + 4j. This process is essentially helpful for understanding the nature of neutrino masses. Although the cross section of signal process is relatively small, lepton colliders still have rather ability to search for signals of Majorana neutrinos due to the clean environment and high integrated luminosity of the next generation lepton colliders. At the CEPC, the detection limit on mixing parameter S µµ can be probed to about 3 × 10 −6 at a 2σ level and 7 × 10 −6 at a 5σ level in the neutrino mass range of 30 − 50 GeV. While at the ILC which has a comparative advantage in larger mass range, it improves measurement sensitivity on S µµ by about one order of magnitude in the mass range of 350 − 600 GeV at a 5σ level. In summary, both for less and more massive Majorana neutrinos, future generation lepton colliders have the potential to make progress on searching for Majorana neutrinos.
